Bacterial lipopolysaccharide induces tyrosine phosphorylation of paxillin, actin reorganization, and opening of the transendothelial paracellular pathway through which macromoles flux. In this study, lipid A was shown to be the bioactive portion of the lipopolysaccharide molecule responsible for changes in endothelial barrier function. We then studied whether endotoxin-neutralizing protein, a recombinant peptide that is derived from Limulus antilipopolysaccharide factor and targets lipid A, could block the effects of lipopolysaccharide on protein tyrosine phosphorylation, actin organization, and movement of 14 C-bovine serum albumin across bovine pulmonary artery endothelial cell monolayers. In the presence of serum, a 6-h exposure to lipopolysaccharide (10 ng/ml) increased transendothelial 14 C-albumin flux compared to the simultaneous media control. Coadministration of endotoxin-neutralizing protein (>10 ng/ml) with lipopolysaccharide (10 ng/ml) protected against lipopolysaccharide-induced barrier dysfunction. This protection was dose dependent, conferring total protection at endotoxin-neutralizing protein/lipopolysaccharide ratios of >10:1. Similarly, endotoxin-neutralizing protein was capable of blocking the lipopolysaccharide-induced endothelial cell responses that are prerequisite to barrier dysfunction, including tyrosine phosphorylation of paxillin and actin depolymerization. Finally, endotoxin-neutralizing protein cross-protected against lipopolysaccharide derived from diverse gram-negative bacteria. Thus, endotoxin-neutralizing protein offers a novel therapeutic intervention for the vascular endothelial dysfunction of gram-negative sepsis and its attendant endotoxemia.
Gram-negative septic processes can be complicated by endothelial cell (EC) injury and/or dysfunction that contributes to systemic vascular collapse, disseminated intravascular coagulation, and vascular leak syndromes, including the adult respiratory distress syndrome (ARDS) (5, 26) . Endotoxin or bacterial lipopolysaccharide (LPS) has been implicated as the bacterial component responsible for much of the EC injury associated with gram-negative bacterial infections. First, LPS bioactivity has been detected in the bloodstream of gramnegative septicemic patients, and in some studies, particularly those focusing on meningococcal sepsis, levels of circulating LPS predict development of multiple organ failure, including the adult respiratory distress syndrome (31) . Second, administration of LPS alone to experimental animals reproduces the EC injury seen after gram-negative bacterial challenge (13, 26) . Lastly, in some animal studies, interventions that specifically target the LPS molecule appear to protect against the EC complications associated with gram-negative sepsis or experimental LPS challenge (1, 33, 34) . The efficacy of most of these interventions has yet to be evaluated in humans.
Most bactericidal antibiotics that target viable, replicating gram-negative bacteria do not diminish LPS activity and can actually liberate free LPS into the circulation (1) . One notable exception, polymyxin B (PMB) derived from the bacteria Bacillus polymyxa (6, 23) , can bind to the lipid A portion of LPS and neutralize it. In the past, however, PMB's nephrotoxic properties have severely limited its therapeutic application.
Other naturally occurring proteins which also bind to and neutralize LPS include bactericidal/permeability-increasing protein (BPI) and cationic antimicrobial protein 18 found in polymorphonuclear leukocytes (10, 17) , high-and low-density lipoproteins (20, 25) , and the Limulus anti-LPS factor (LALF) found in the horseshoe crab, Limulus polyphemus (22) . LALF is a 11.8-kDa protein isolated from the amebocyte, the single blood cell type found in the horseshoe crab (22) . The amebocyte-derived LALF as well as its recombinant form, endotoxinneutralizing protein (ENP), each binds to and neutralizes LPS (22, 32) . The LPS-binding site is 32 to 50 amino acids in length and forms an amphipathic loop which binds to the lipid A portion of LPS (18, 24, 32) . ENP or LALF neutralizes LPS bioactivity in the Limulus amebocyte lysate assay (11, 32) , prevents macrophage production of tumor necrosis factor in vitro (4) , and protects against LPS challenge in vivo (11, 33) .
LPS interaction with cells of monocytic lineage has been well characterized. These cells express membrane-bound CD14, a glycosylphosphatidylinositol-anchored protein which can recognize complexes of LPS and LPS-binding protein, resulting in cell activation (12, 30, 35) . In EC, which lack membrane-bound CD14, a specific EC-binding site(s) or receptor(s), although implied, has not yet been demonstrated. Circulating LPS, in concert with the accessory molecules LPS-binding protein and soluble CD14, can be presented to the non-CD14-bearing EC, evoking EC responses through as yet unidentified mechanisms (12, 14) . One such EC response involves a sequence of events comprised of protein tyrosine phosphorylation, actin depolymerization, intercellular gap formation, and loss of EC barrier function (3) . The initial tyrosine phosphorylation events are clearly a prerequisite to LPS-induced actin changes and disruption of EC monolayer integrity (3) . Further, prior F-actin stabilization of EC monolayers with phallicidin protects against LPS-induced increments in transendothelial albumin flux (15) . We therefore studied whether a molecule such as ENP, which binds to lipid A and has been shown to confer protection against the deleterious effect of LPS in vivo, could block one or more of the sequential LPS-induced events leading to increased EC monolayer permeability. In this work, we have studied whether ENP protects against LPS-induced protein tyrosine phosphorylation, actin reorganization, and loss of endothelial barrier function.
MATERIALS AND METHODS
Reagents. LPSs phenol extracted from Escherichia coli serotype O111:B4, E. coli O55:B5, Klebsiella pneumoniae, Pseudomonas aeruginosa, Salmonella minnesota, and Serratia marcescens (Sigma Chemical Co., St. Louis, Mo.) were suspended in phosphate-buffered saline (PBS) at 5 mg/ml, and these stock solutions were stored at 4°C. Lipid A from E. coli K-12 (List Biological Laboratories, Campbell, Calif.) was dissolved into chloroform (69%)-methanol (27%)-water (4%) and evaporated under nitrogen, and the dry residue was resuspended in water. To prepare the O-polysaccharide fraction, E. coli O111:B4 LPS was hydrolyzed at 100°C for 2 h with 1% acetic acid, neutralized with 1.0 M NaOH, and centrifuged. The supernatant containing the O polysaccharide was desalted on a Sephadex G-25 (Pharmacia Biotech, Piscataway, N.J.) column, using water as the elutant, and the fractions were tested for O polysaccharide by the phenol sulfuric acid method of Dubois et al. (9) . The O-polysaccharide-positive fractions were pooled and lyophilized. ENP was a gift from the Associates of Cape Cod (Woods Hole, Mass.). ENP was reconstituted at 1 mg/ml in PBS, aliquoted, and stored at Ϫ20°C. PMB sulfate (Sigma) was reconstituted at 25.8 mg/ml and stored at 4°C.
EC culture. Bovine pulmonary artery EC (American Type Culture Collection, Rockville, Md.) were cultured in Dulbecco's modified Eagle's medium enriched with 20% fetal bovine serum, 4 mM L-glutamine, nonessential amino acids, and vitamins in the presence of penicillin (50 U/ml) and streptomycin (50 g/ml) as previously described (14, 15) . Cell cultures were determined to be endothelial by uniform cobblestone morphology and quantitative determination of angiotensinconverting enzyme activity with commercially available 3 H-benzoyl-Phe-Ala-Pro substrate (Ventex Laboratories, Portland, Maine).
Assay of transendothelial albumin flux. Transendothelial 14 C-bovine serum albumin ( 14 C-BSA) flux was assayed as we have previously described (3, 14, 15) . Briefly, polycarbonate filters (13- 14 C-BSA (Sigma) with a specific activity of 1.3 Ci/mg of protein was used as the tracer molecule. The baseline barrier function of each monolayer was determined by applying 14 C-BSA to each upper compartment for 1 h, after which the lower compartment was counted in a liquid scintillation analyzer (Tri-Carb 1500; Packard Instruments Co.). Only EC monolayers retaining Ն97% of the 14 C-BSA were studied. EC monolayers were exposed for 6 h to increasing concentrations of either the lipid A or the O-polysaccharide LPS fraction. In some experiments, native LPS was coadministered with increasing concentrations of either PMB or ENP. In other experiments, ENP was introduced either before or after the LPS challenge. Simultaneous controls with medium alone were performed. Transfer of 14 C-BSA across EC monolayers was again assayed immediately following treatment.
The ability of ENP to cross-protect against endotoxins derived from diverse gram-negative bacterial strains was also studied. Due to the differences in the length of the O-specific polysaccharide and lipid A acyl chains, various endotoxins cannot be compared on a dry weight/weight basis. However, each LPS molecule, regardless of the bacterial origin, contains at least one 2-keto-3-deoxyoctonic acid (KDO) molecule. LPS preparations derived from E. coli O55:B5, K. pneumoniae, P. aeruginosa, S. minnesota, or S. marcescens each were standardized to 10 ng of LPS per ml derived from E. coli O111:B4 on the basis of KDO content (19) . EC were exposed for 6 h to either medium alone, ENP (100 ng/ml), equivalent concentrations of LPS based on KDO content, or each LPS preparation coadministered with ENP.
Immunoblotting for phosphotyrosines. EC were exposed for 1 h to either medium alone, ENP (1 g/ml), LPS derived from E. coli O111:B4 (100 ng/ml), or LPS coadministered with ENP. EC were then processed for phosphotyrosine immunoblotting as previously described (3). Briefly, EC were lysed with ice-cold lysis buffer (50 mM Tris-HCl [pH 8.0], 1% Nonidet P-40, 0.25% sodium deoxycholate, 150 mM NaCl, 1 mM EGTA, 1 mM phenylmethylsulfonyl fluoride, 1 g of leupeptin per ml, 1 g of pepstatin per ml, 1 g of aprotinin per ml, 1 g of DNase I per ml, 1 mM sodium orthovanadate, 1 mM NaF, 1 mM disodium pyrophosphate, 1 mM phenylarsine oxide, 500 M p-nitrophenyl phosphate), scraped, transferred to a tube, and centrifuged (16,000 ϫ g, 10 min, 4°C). The supernatant from the EC lysate was resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE; 25 g of protein/lane) on an 8 to 16% Tris-glycine gradient gel (Novex Inc., San Diego, Calif.) and transferred for 3 h to a polyvinylidene fluoride membrane (PVDF). The blot was blocked with 3% dry milk, probed with biotinylated antiphosphotyrosine antibody 4G10 (0.7 g/ml; Upstate Biotechnology Inc.
[UBI], Lake Placid, N.Y.), washed, and incubated with horseradish peroxidase-conjugated streptavidin (0.5 g/ml; UBI). The blot was developed with enhanced chemiluminescence (Amersham Life Sciences, Arlington Heights, Ill.) and exposed to Du Pont Reflection (NEF-406) film. The films were subsequently scanned for laser densitometric analysis (Molecular Dynamics, Sunnyvale, Calif.).
Immunolocalization of phosphotyrosine-containing proteins.
To maintain EC under experimental conditions identical to those of our permeability assay, we directly stained and visualized EC monolayers cultured on polycarbonate filters as previously described (3, 15) . Briefly, EC cultured to confluence on filters were exposed for 1 h to medium, LPS (100 ng/ml), ENP (1 g/ml), or LPS coadministered with ENP. The monolayers were washed with 1 mM vanadate in PBS, fixed with 4% paraformaldehyde (30 min) followed by absolute methanol (8 min, Ϫ20°C), and stained with fluorescein isothiocyanate (FITC)-conjugated antiphosphotyrosine antibody (UBI) (5 g/ml, 1 h) (3). The filters and their attached monolayers were mounted cell side up on microscope slides and photographed through a Zeiss Axioskop 20 microscope equipped for epifluorescence.
F-actin quantification. EC F-actin was fluorimetrically measured as previously described (3, 15) . EC were pretreated with cycloheximide (50 g/ml) for 30 min prior to and throughout treatments with medium, ENP (100 ng/ml), LPS (10 ng/ml), or LPS coadministered with ENP. EC were washed with 75 mM KCl-1 mM EGTA-3 mM MgSO 4 -0.2 mM dithiothreitol-10 mM imidazole-10 g of aprotinin per ml-0.1 mM phenylmethylsulfonyl fluoride (pH 7.2), fixed (3.7% formaldehyde, 15 min), permeabilized (0.2% Triton X-100, 5 min), incubated with NBD-phallicidin (Molecular Probes, Eugene, Oreg.) (1 U/well, 30 min), and extracted with methanol (overnight, Ϫ20°C). The extracts were assayed in a Perkin-Elmer LS30 luminescence spectrometer at 465-nm excitation (10-nm slit) and 535-nm emission (10-nm slit) and F-actin content expressed in arbitrary a 14 C-BSA flux across LPS (10 ng/ml)-or medium control-exposed monolayers that were either pre-or posttreated with ENP (1.0 g/ml) or medium alone.
b -, pretreatment baseline. The baseline barrier function for each monolayer was established prior to study; only monolayers which retained Ն97% of the 14 C-BSA tracer were studied.
c Significantly increased (P Ͻ 0.001) compared to medium alone. d Not significantly different (P Ͼ 0.05) compared to LPS alone.
fluorescence units per milligram of total EC protein.
Since methodologies for quantifying F-and G-actin pools preclude protein determinations on the same monolayers, EC were cultured under the same conditions as the monolayers assayed for F-and G-actin pools, lysed, and assayed for protein concentration with the standard Bio-Rad DC protein assay (Bio-Rad Chemical Division, Richmond, Calif.). DNase I inhibition assay for G-actin. EC G-actin was measured by using the DNase I inhibition assay as previously described (3, 15) . This assay utilizes the ability of monomeric G-actin to inhibit DNase I hydrolysis of type 1 DNA into its component nucleotides. Briefly, DNase I obtained from bovine pancreas (Sigma) was mixed with calf thymus DNA type 1 (Sigma) in the cuvette of a spectrophotometer, and the slope of the linear portion of the ⌬A 260 recorded. Purified bovine skeletal muscle actin (Sigma) was used to calibrate the assay. DNase I inhibitory activity within a range of 30 to 70% inhibition is directly proportional to the concentration of monomeric G-actin. EC monolayers grown in six-well culture dishes were exposed for 6 h to medium, LPS (10 ng/ml), ENP (100 ng/ml), or LPS coadministered with ENP. The monolayers were permeabilized with lysing buffer containing 1% Triton X-100 for 5 min. The G-actincontaining supernatants were then tested in the DNase I inhibition assay to generate inhibitory activities that fell on the linear portion of the standard curve (i.e., 30 to 70% inhibition). The inhibitory activities were interpolated to G-actin concentrations, which were used to calculate G-actin expressed in micrograms per milligram of total EC protein.
Statistical analysis. One-way analysis of variance was used to compare the mean responses among experimental and control groups for all experiments. The Bonferroni post hoc comparison test was used to determine between which groups significant differences existed. A P value of Յ0.05 was considered significant.
RESULTS
Structure-function studies of LPS-induced endothelial barrier dysfunction. The mean Ϯ standard error (SE) pretreatment baselines reflecting functional integrity for monolayers to be exposed to either lipid A or the O-specific polysaccharide fraction were 0.016 Ϯ 0.002 and 0.013 Ϯ 0.002 pmol/h, respectively (Fig. 1A) . The mean Ϯ SE 14 C-BSA flux across naked filters without endothelial monolayers was 0.215 Ϯ 0.015 pmol/h. Increasing concentrations of lipid A caused dose-dependent increases in 14 C-BSA flux across endothelial monolayers, whereas identical concentrations of the O-specific polysaccharide fraction did not (Fig. 1A) . The lowest lipid A concentration that after a 6-h exposure increased 14 C-BSA flux compared to the simultaneous medium control was 15 ng/ml. Further dose-dependent increments were evident at concentrations up to 15 g/ml. The polysaccharide fraction at concentrations up to 15 g/ml failed to increase 14 C-BSA compared to the simultaneous medium control.
PMB binds to and neutralizes the lipid A moiety of LPS (6, 23). To determine whether lipid A was essential for LPS presentation to the non-CD14-bearing EC, the ability of PMB to block native LPS-induced barrier dysfunction was also studied (Fig. 1B) .
14 C-BSA flux was assayed immediately after 6-h exposures to medium, LPS (10 ng/ml), PMB (10 g/ml), or LPS coadministered with increasing concentrations of PMB (10 to 10,000 ng/ml). LPS increased 14 C-BSA flux compared to the simultaneous medium control, whereas PMB alone did not. PMB at a PMB/LPS dry weight-to-weight ratio of 1:1 did not significantly diminish the LPS effect. At PMB concentrations of Ն1,000 ng/ml (PMB/LPS dry weight-to-weight ratio of 100: 1), PMB completely protected against the LPS effect, returning barrier function to medium control levels. For Western blot analysis of protein tyrosine phosphorylation, EC monolayers were exposed to medium, ENP (1.0 g/ml), LPS (100 ng/ml), or LPS coadministered with ENP for 1 h. The EC lysates were resolved by SDS-PAGE, transferred to PVDF, and probed for phosphotyrosines. Molecular weights (in thousands) are indicated by arrows on the left. The blot is representative of three separate experiments.
FIG. 4.
Effect of ENP on phosphotyrosine-containing proteins in LPS-exposed EC. EC monolayers grown on filters were exposed for 1 h to medium (A), ENP (1.0 g/ml; B), LPS (100 ng/ml; C), or LPS coadministered with ENP (D). The monolayers were fixed, probed with FITC-conjugated antiphosphotyrosine antibody, and photographed through an epifluorescence microscope. Arrows indicate phosphotyrosine signal at intercellular boundaries. Magnification, ϫ600. 14 C-BSA flux. ENP protected against LPS-induced barrier dysfunction (Fig. 2) .
Effect of ENP on LPS-induced changes in transendothelial
14 C-BSA flux was assayed immediately after 6-h exposures to medium, LPS (10 ng/ml), ENP (10 g/ml), or LPS coadministered with increasing concentrations of ENP (10 to 10,000 ng/ml). Again, LPS alone (10 ng/ml) increased 14 C-BSA flux compared to the simultaneous medium control. Protection against LPS-induced increases in 14 C-BSA flux by coadministration of ENP was dose dependent. ENP at Ն10 ng/ml significantly decreased LPS-induced barrier dysfunction. Partial protection was seen at an ENP concentration of 10 ng/ml (ENP/LPS dry weight-to-weight ratio of 1:1). Total protection was seen with ENP concentrations of Ն100 ng/ml (ENP/LPS ratio of Ն10:1). When ENP was introduced prior to a 5-min LPS challenge for either 0.5 or 1.0 h and subsequently removed by thorough washing, no protection was observed (Table 1) . Similarly, if ENP was introduced immediately following the LPS, again no protection could be demonstrated.
A comparison of the protective effects of PMB (molecular size ϭ 1,450 g/mol) and ENP (molecular size ϭ 12,189 g/mol) suggests that ENP is more effective at blocking LPS-induced loss of EC barrier function. Complete protection against LPS (10 ng/ml)-induced transendothelial 14 C-albumin flux was observed with either Ն6.90 ϫ 10 Ϫ7 M PMB (PMB/LPS dry weight-to-weight ratio of Ն100:1) or Ն8.2 ϫ 10 Ϫ9 M ENP (ENP/LPS dry weight-to-weight ratio of Ն10:1). Partial protection was observed with Ն6.90 ϫ 10 Ϫ8 M PMB (PMB/LPS dry weight-to-weight ratio of Ն10:1) or 8.20 ϫ 10 Ϫ10 M ENP (ENP/LPS dry weight-to-weight ratio of Ն1:1).
Effect of ENP on LPS-induced tyrosine phosphorylation of EC proteins. Lysates obtained from EC exposed for 1 h to medium alone, ENP (1.0 g/ml), LPS (100 ng/ml), or LPS coadministered with ENP were resolved by SDS-PAGE and transferred to PVDF, and the blot was probed for phosphotyrosines (Fig. 3) . Monolayers exposed to LPS demonstrated a 2.2-fold increase in tyrosine phosphorylation of a 66-kDa band compared to medium alone; those monolayers exposed to LPS in the presence of ENP demonstrated only a 1.3-fold increase in tyrosine phosphorylation of this same 66-kDa protein. The increased tyrosine phosphorylation of this band in LPS-exposed EC relative to those exposed to medium alone was inhibited by 75% when LPS was coadministered with ENP.
EC monolayers exposed for 1 h to medium, to ENP (1.0 g/ml), to LPS (100 ng/ml), or to LPS coadministered with ENP were probed with an FITC-conjugated antiphosphotyrosine antibody, processed for epifluorescence microscopy, and photographed (Fig. 4) . At 1 h, LPS-exposed EC (Fig. 4C ) displayed increased tyrosine phosphorylation of proteins immunolocalized to the intercellular boundaries compared to both medium and ENP controls (Fig. 4A and B, respectively) . Monolayers treated with both ENP and LPS (Fig. 4D) could not be distinguished from either the medium or ENP controls.
Effects of ENP on the LPS-induced changes in the F-and G-actin pools.
The effect of ENP on the LPS-induced decrement in EC F-actin, expressed as fluorescence units/milligram of total EC protein, was studied (Fig. 5A ). There were no significant differences in F-actin content between the medium and ENP controls. A 6-h exposure to LPS (10 ng/ml) decreased F-actin compared to either simultaneous medium or ENP (100 ng/ml) controls. ENP coadministered with LPS diminished the LPS-induced F-actin decrement compared to LPS alone. In fact, F-actin content in EC treated with both LPS and ENP did not significantly differ from that for the simultaneous medium control.
The effect of ENP on the LPS-induced increment in EC G-actin, expressed in micrograms/milligram of total EC protein, was also studied (Fig. 5B) . A 6-h exposure to LPS (10 ng/ml) increased G-actin compared to either the simultaneous medium or ENP (100 ng/ml) controls. ENP coadministered with LPS reduced the LPS-induced G-actin increment compared to that observed after exposure to LPS alone. This reduction was complete, reducing G-actin to the basal levels seen in the medium control. Therefore, LPS provokes reciprocal shifts between the F-and G-actin pools indicative of EC actin depolymerization, and these changes are completely blocked by ENP.
ENP cross-protects against LPS derived from diverse gramnegative bacterial strains. ENP offered protection against loss of barrier function in response to a variety of endotoxins normalized on the basis of KDO content to 10 ng of LPS per ml derived from E. coli O111:B4 (Fig. 6 ). Monolayers were assayed for 14 C-BSA flux immediately after 6-h exposures to the following: medium, LPS derived from E. coli O111:B4, E. coli O55:B5, K. pneumoniae, P. aeruginosa, S. minnesota, or S. marcescens or an equivalent concentration of each LPS preparation coadministered with ENP (100 ng/ml). All LPS preparations except that derived from S. marcescens induced comparable increments in 14 C-BSA flux. ENP completely FIG. 5 . Effects of ENP on LPS-induced changes in the F-and G-actin pools. For G-and F-actin measurements, monolayers were exposed for 6 h to medium, ENP, LPS, or LPS coadministered with ENP. (A) For the F-actin studies, monolayers were fixed, permeabilized, incubated with NBD-phallicidin, and extracted with methanol. The extracts were spectrofluorimetrically assayed, and F-actin concentrations were expressed as mean (Ϯ SE) fluorescent units per milligram of total EC protein. ‫,ء‬ significantly decreased compared to medium control; ‫,ءء‬ significantly increased compared to LPS alone but not significantly decreased compared to medium alone. (B) For quantitation of the G-actin pool, EC were permeabilized and the G-actin-containing supernatants were tested in the DNase I inhibition assay standardized to pure G-actin. Each bar represents mean (Ϯ SE) G-actin expressed. ‫,ء‬ significantly increased compared to medium control; ‫,ءء‬ significantly decreased compared to LPS alone but not significantly increased compared to medium alone. n for each experimental group is indicated in each bar.
protected against LPS-induced increments in 14 C-BSA transendothelial flux for all endotoxins tested.
DISCUSSION
In this report, we first confirmed that lipid A was the portion of the LPS molecule presented to the non-CD14-bearing EC. Neither the LPS polysaccharide fraction nor native LPS coadministered with either PMB or ENP simulated the LPS-induced loss of endothelial barrier function. Lipid A has previously been shown to be the active LPS fraction that stimulates CD14-bearing cells (27) . Because EC do not express CD14, it was unclear whether EC barrier dysfunction was due to the lipid A portion of LPS. The lipid A fraction in concentrations up to 15 g/ml induced dose-dependent increases in 14 C-BSA flux, whereas the O-polysaccharide fraction did not. This lipid A-induced dose-dependent increase in EC monolayer permeability was similar to the native LPS effect previously described (14) . PMB binds with 1:1 stoichiometry to the lipid A portion of LPS and has been shown to neutralize LPS in a number of in vitro and in vivo models (6, 23) . Coadministration of LPS with PMB blocked LPS-induced EC barrier dysfunction, demonstrating that in native endotoxin, lipid A is the portion responsible for inducing increments in permeability.
On the basis of these structure-function studies, we tested ENP, which directly targets the lipid A portion of LPS. ENP at concentrations of Ն100 ng/ml totally blocked LPS (10 ng/ml)-induced increases in transendothelial albumin flux. These studies were performed in the presence of serum at concentrations which support the LPS effect. This finding suggests that ENP successfully operates in the presence of serum proteins known to bind to the lipid A portion of LPS, notably LBP and soluble CD14 (14) . BPI is a protein found in the azurophilic granules of human neutrophils that is homologous to LBP (4, 10, 28) . However, the differences between the two molecules are sufficient that LBP facilitates and enhances LPS bioactivity (28) whereas BPI is inhibitory (10) . This homology between LBP and BPI promotes competition between the two proteins for binding to LPS (7, 16) . In the circulation, BPI is present in lower concentrations than LBP. In addition, LBP is an acutephase protein that can increase from basal levels of 2 to 6 g/ml to 50 g/ml within 24 h after induction of the acutephase response (28) . Therefore, any effective clinical intervention for endotoxemia must be capable of performing in the presence of LBP as ENP apparently has in these experiments.
ENP and PMB have each been previously reported to bind to lipid A with a 1:1 stoichiometry (6, 23, 32) . The LPS-neutralizing activities of these two proteins were compared in the barrier function assay in the presence of serum (Fig. 1B and 2) . On a molar basis, ENP (molecular size ϭ 12,189 g/mol) was ϳ80-fold more effective at blocking LPS-induced loss of endothelial barrier function than was PMB (molecular size ϭ 1,450 g/mol).
The signal transduction pathway for LPS-induced EC barrier dysfunction is still poorly understood. Protein tyrosine phosphorylation has been shown to be operative in the activation of CD14-bearing monocytes and macrophages (29, 35) . More recently, the response of the non-CD14-bearing EC to LPS has been shown to also involve protein tyrosine phosphorylation (2, 3) . LPS stimulates tyrosine phosphorylation of several mitogen-activated protein kinases, and protein tyrosine kinase inhibition blocks LPS-induced interleukin-6 biosynthesis and lactic dehydrogenase release. Recently, we have demonstrated that protein tyrosine kinase inhibition protects against LPS-induced barrier dysfunction (3). In addition, we have shown that LPS induces tyrosine phosphorylation of EC proteins localized to the intercellular boundaries as well as of paxillin, a 66-kDa protein which links the actin cytoskeleton to areas of the plasma membrane involved in cell-matrix adhesion (3) .
On the basis of the ability of ENP to neutralize LPS bioactivity in the permeability assay, we attempted to show whether ENP blocks the previously described EC responses that are prerequisites to LPS-induced barrier dysfunction. ENP prevented LPS-induced tyrosine phosphorylation of paxillin and EC proteins localized to the intercellular boundaries as well as the G-actin increase and the reciprocal F-actin decrease that is indicative of F-actin depolymerization. Thus, inhibition of LPS-induced protein tyrosine phosphorylation by ENP at Յ1 h prevents the subsequent actin reorganization and loss of barrier function seen at Ն2 h, suggesting that ENP acts at an early step in the pathway proximal to tyrosine phosphorylation. Baseline barrier function for all monolayers studied is also indicated. ‫,ء‬ significantly decreased compared to LPS alone at P Ͻ 0.05 but not significantly increased compared to medium control.
To our knowledge, only one previous report has studied the ability of a Limulus-derived factor to neutralize LPS bioactivity in an EC system (8) . That work, however, differed in several aspects. First, the authors used EC derived from a different species and anatomical source. Second, they used anti-LPS factor derived from Tachypleus tridentatus, the Japanese horseshoe crab. We used a recombinant form of anti-LPS factor, ENP, which was derived from anti-LPS factor isolated from the American horseshoe crab. ENP differs from anti-LPS factor in its mannose content (11) . Further, the LPS-induced EC response they attempted to block was EC adhesiveness for neutrophils. Unlike LPS-induced increments in transendothelial albumin flux (15) , the EC response they report requires de novo protein synthesis. Finally, these and other investigators who have studied the ability of anti-LPS factor or ENP to neutralize endotoxins derived from various gram-negative bacteria have standardized their LPS preparations on a dry weight/weight basis (8, 32) . The variability in the length of the lipid A acyl and O-specific polysaccharide chains precludes such comparison. We, therefore, standardized the endotoxins studied to 10 ng of E. coli O111:B4 per ml on the basis of KDO content (19) .
In this study, ENP was able to protect against a wide variety of endotoxins. Clinical intervention for gram-negative septic shock and its complications must offer protection against the enormous diversity of endotoxins found in nature. ENP has been previously shown to protect against LPS-induced tissue injury indirectly mediated through host-derived factors (4, 11, 34) . In animal models, ENP protects against LPS-induced pulmonary hypertension, systemic hypotension, metabolic acidosis, neutropenia, and pyrogenicity (1, 34) . ENP also reduces circulating levels of free LPS and tumor necrosis factor (1). Pretreatment, coadministration, or even administration of ENP following the LPS challenge results in increased survival rates in sheep, mice, and rats (1, 34) . In addition to the ability of LPS to indirectly cause injury through the hosts' mediator systems, LPS is able to directly provoke increases in vascular permeability (3, 14, 15, 21) . In this study, we have demonstrated that ENP is capable of preventing the direct effects of LPS on the endothelial barrier. The ability of ENP to protect against the effects of LPS on the host mediator systems and against the direct effects of LPS on the endothelium, offers a potential therapeutic intervention to protect against gram-negative sepsis and its vascular complications.
